BACKGROUND Recently, the therapeutic benefits of percutaneous coronary intervention (PCI) have been challenged in
I
n patients with stable coronary artery disease (SCD), the primary treatment goal of percutaneous coronary intervention (PCI) is the relief of angina and improvement in functional capacity.
However, the first double-blind, placebo-controlled trial of PCI for stable angina, the ORBITA trial (Objective Randomised Blinded Investigation With Optimal Medical Therapy of Angioplasty in Stable Angina) (1), found a far smaller effect on exercise tolerance and symptoms than found in unblinded research (2) (3) (4) and in everyday clinical practice. This finding has refocused attention on the need to comprehensively define the therapeutic mechanisms of PCI in SCD.
Cardiac catheter laboratory protocols have recently been described that enable invasive measurements of coronary and systemic hemodynamics to be performed during supine exercise. Application of these protocols have yielded important mechanistic insight into a variety of anginal conditions. These include the physiological mechanisms underlying the warm-up angina phenomenon (5) , the mechanisms of angina in severe aortic stenosis (6) , and the alleviation of angina on exertion by sublingual nitroglycerin (7) .
In this study, we exercised patients on the coronary catheter laboratory table during cardiac catheterization, immediately before and after PCI. Our hypothesis was that in patients with stable angina and hemodynamically significant single-vessel disease, PCI would immediately improve objectively documented exercise responses in the coronary circulation, the microcirculation, and systemic hemodynamics. Sen has received speaker honoraria from Philips Volcano, Pfizer, and AstraZeneca. Dr. J.E. Davies holds patents pertaining to iFR technology; and has been a consultant for and received research grants from Philips Volcano. All other authors have reported that they have no relationships relevant to the contents of this paper to disclose.
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Before removal from the patient, the Combowire was returned to the catheter tip to assess for pressure drift. Angioplasty was then performed according to standard clinical practice. Stent optimization was performed at the operator's discretion. Following angioplasty, the Combowire was reintroduced, advanced to the guiding catheter tip, and then renormalized as before. The Combowire was advanced to the same intracoronary position as previous, with crossreference to the cine-acquired roadmap image for confirmation. All aforementioned stages of the pre-PCI study protocol were then repeated, including the incremental exercise protocol. was performed according to methodology as previously described (8) . Exercise data were exported from the ergometer software package using a dedicated export manager (Lode Export Manager 10, V 10.5.1, Table 1 .
The baseline characteristics of the study population are summarized in Table 2 . The majority of patients were in Canadian Cardiovascular Society Stenosis characteristics are shown in Table 3 and in Table 4 .
SYSTEMIC HEMODYNAMIC RESPONSES. Before PCI, blood pressure initially rose progressively with exercise but then fell at peak exercise when symptoms developed (peak exercise 7.7 mm Hg below the preceding time point; p ¼ 0.01) (Figure 4) . After PCI, blood pressure rose initially again; however, at peak exercise, blood pressure plateaued and did not decline. Corresponding to peak exercise in the pre-PCI state, at the equivalent exercise time point in the post-PCI state, blood pressure was significantly higher (delta 14.0 mm Hg; p ¼ 0.01). Because patients could exercise for longer following PCI, an extra time point at an even higher workload was recorded, and again this was significantly higher than peak exercise during the pre-PCI state (delta 12.0 mm Hg; p ¼ 0.02).
The same pattern was seen for RPP. The target lesion is marked with a red asterisk.
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Analysis of central arterial pressure waveforms during exercise are summarized in Figure 5 . PP increased with exercise (p < 0.001) both before and after PCI. Because both heart rate and systolic blood pressure increased together, TTI did not increase significantly during exercise (p ¼ 0.51). In line with the overall increase in heart rate (and thus shortening of diastole), DTI and DTF both decreased significantly with exercise (p < 0.0001). Changes in PP, TTI, DTI, and DTF during exercise were similar both before and after PCI (p > 0.05 for all). Full systemic hemodynamic responses are shown in Table 5 . Table 5 ). The reduction in global microvascular resistance during exercise was similar both before Last, in contrast to the traditional advice that patients should only resume exercise in a delayed and graduated fashion following PCI, this study demonstrates the safety of performing maximal physical exercise immediately after coronary stenting.
PCI AND CHANGES IN THE CORONARY CIRCULATION
RESPONSE TO EXERCISE. Because oxygen extraction is near maximal even at rest (13), the principal way myocardial oxygen demand on exercise can be met is Values are mean AE SD.
MET ¼ metabolic equivalent; PCI ¼ percutaneous coronary intervention.
Cook et al. (15) and also restored the capacity of the downstream microcirculatory bed to progressively vasodilate during exercise.
Exercise coronary pressures, too, showed a different pattern after PCI than before. Distal coronary pressure is effectively the pressure perfusing the coronary bed (14) . Before PCI, distal coronary pressure was low at rest, rose slightly during early exercise, but actually fell again at peak-exercise, culminating in hypoperfusion of the coronary bed.
The fall in distal coronary pressure before PCI may have been the result of the concomitant fall in aortic driving pressure that was also observed. After PCI, distal coronary pressure started higher, rose slightly, and then was maintained. This is consistent with normalization of the coronary perfusion response to exercise.
PCI AND CHANGES IN THE MICROCIRCULATORY
RESPONSE TO EXERCISE. In health, the large increase in coronary flow necessary during physical exercise is achieved predominantly by a large fall in microvascular resistance (16 PCI eliminates the stenosis resistance and thereby eliminates the need for microcirculatory vasodilator capacity to be consumed at rest. As shown in Figure 6 , the resting diastolic microcirculatory resistance is higher than before PCI. It decreases progressively with exercise, and by peak exercise, it has fallen to the same level as pre-PCI peak exercise. This suggests that the microcirculation is not inherently affected by PCI, but that PCI restores the conduit function of the epicardial artery so that the microcirculatory vasodilatory capacity can be reserved for use during exercise.
Whether the stimulus to increase coronary flow is pharmacological vasodilatation or the increased myocardial demand from physical exercise, if part of the microcirculatory vasodilatory capacity has already been used to maintain resting coronary flow, then less vasodilator capacity remains to further increase flow. This mechanism also explains the low CFR observed in our patients before PCI that was subsequently restored to normal following stenting.
EFFECT OF PCI ON SYSTEMIC HEMODYNAMIC
RESPONSES TO EXERCISE. During physical exercise, heart rate, systolic blood pressure, and ventricular contractility normally increase (14) . In our patients before PCI, at peak exercise there was a reversal of this pattern with a fall in blood pressure and heart rate, and therefore in the RPP. This may be a systemic manifestation of an inability of myocardial perfusion to increase adequately in the territory subtended by the stenosed artery. In support of this interpretation, after PCI, at the identical level of exercise, the blood pressure and RPP were significantly higher.
Pulse wave analysis of aortic pressure waveforms during exercise did not reveal any significant differences before versus after PCI. This is in contrast with the findings of previous catheter laboratory exercise studies investigating the warm-up angina phenomenon (5) and the physiological effect of sublingual nitroglycerin in patients with stable angina (7) .
Within those studies, in the absence of PCI, significant lowering of afterload, the tension time index, and the Buckberg index was observed on repeat Cook et al. ANOVA ¼ analysis of variance; APV ¼ average peak coronary flow velocity; DMR ¼ diastolic microvascular resistance; DP ¼ pressure-gradient; DTI ¼ diastolic time index; DTF ¼ diastolic time fraction;
Expost ¼ post-percutaneous coronary intervention exercise time; Expre ¼ pre-percutaneous coronary intervention exercise time; HR ¼ heart rate; PCI ¼ percutaneous coronary intervention; Pd ¼ distal coronary pressure; PdPa ¼ pressure ratio; PP ¼ pulse pressure; RPP ¼ rate-pressure product; SBP ¼ systemic blood pressure; SR ¼ stenosis resistance; t50 ¼ 50% of the exercise time; TTI ¼ tension-time index. CLINICAL IMPLICATIONS. These data demonstrate that PCI immediately normalizes the physiological response to exercise in coronary, microcirculatory, and systemic circulations. These beneficial adaptations were associated with a large improvement in patient symptoms and exercise tolerance; however, the patient was unblinded to the fact they had received PCI. Although this is analogous with everyday clinical practice (i.e., every patient is aware they have received a stent), the results of the recently reported ORBITA trial clearly indicate that there is also a placebo effect associated with undergoing PCI.
As clinicians, we should feel confident about the biological plausibility of PCI as an effective therapy for the relief of angina; however, we should also be aware that patients also gain some functional improvement from placebo. Therefore, we should take the opportunity of the PCI procedure to emphasize to the patient how effective the PCI has been, both anatomically and physiologically. Such Cook et al.
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